Xylose is one of the most abundant sugars obtained from lignocellulose, comprising about one-third of the total sugars in plant materials. 1) Therefore, xylosefermenting microorganisms are needed to ferment cellulosic biomass completely. Many fungi and bacteria grow on xylose aerobically, but only a few yeasts, including Pichia stipitis and Candida shehatae, produce ethanol from xylose. 2) In fungi, xylose is initially reduced to xylitol by NAD(P)H-linked xylose reductase (XR), 3) and is then oxidized to xylulose by NAD þ -linked xylitol dehydrogenase (XDH). 4) Xylulose is phosphorylated to xylulose 5-phosphate, which is further metabolized through the pentose-phosphate pathway.
Wild-type Saccharomyces cerevisiae does not ferment or respire xylose, as it lacks the necessary catabolic enzymes. By recombinant DNA techniques, S. cerevisiae has been engineered to ferment xylose. S. cerevisiae transformed with the XYL1 and XYL2 genes, encoding XR and XDH, respectively, from xylose-fermenting P. stipitis, in combination with endogenous XYL3 encoding xylulokinase, produced ethanol, but the ethanol productivity attained was much lower than the theoretical maximum of 0.51 g of ethanol/g of xylose, as a substantial amount of the xylose was excreted as xylitol. This was due to an imbalance in coenzyme utilization in the steps catalyzed by NADPH-preferring XR and the strictly NAD þ -dependent XDH.
5) The engineered xylose-metabolizing S. cerevisiae strain grown on xylose shows increased expression of the genes involved in NADPH production. 6, 7) Hence, to improve ethanol production from xylose, many researchers have focused on the production and consumption of NADPH/NADP þ and NADH/ NAD þ : for example, disruption of the ZWF1 gene encoding glucose 6-phospahtate dehydrogenase, 8) overproduction of a cytoplasmic transhydrogenase, catalysis of the conversion of NAD þ and NADPH into NADH and NADP þ , respectively, 9) overproduction of NADP þ -dependent glyceraldehyde 3-phosphate dehydrogenase, 10) and depletion of NADP þ -dependent glutamate dehydrogenase involved in ammonium assimilation. 11) As an alternative strategy, protein-engineered XR and XDH have been reported to overcome the problem of intracellular coenzyme imbalance. Mutated XRs with higher specificity for NADH have been reported in reductases from Candida ternuis, 12, 13) P. stipitis, 14, 15) and Hansenula polymorpha. 16) Mutated XDHs with higher specificity for NADP þ have been reported in dehydrogenases from P. stipitis 17, 18) and Galactocandida mastotermitis. 19) S. cerevisiae, harboring mutated XR and XDH, produced significantly more ethanol from xylose than a reference strain harboring native enzymes. While a number of studies have focused on xyloseutilizing recombinant S. cerevisiae strains, few have reported the development of xylose-fermenting yeasts, except for S. cerevisiae.
The yeast Candida utilis is an industrial important microorganism currently used to produce a number of valuable chemicals, including glutathione and RNA. [20] [21] [22] Since the development of an efficient electroporation-based method for transforming C. utilis, 23) this yeast has been used for the heterologous production of monellin, 24) -amylase, 25) and carotenoids such as lycopene. [26] [27] [28] Recently, we developed efficient transformation systems for C. utilis, 29) and to our knowledge achieved the highest level of production of L-lactic acid by a yeast species using a geneticallyengineered strain of C. utilis.
30)
y To whom correspondence should be addressed. Fax: +81-45-788-4042; E-mail: Hideyuki Tamakawa@kirin.co.jp C. utilis grows on xylose, but does not ferment it to ethanol. 31) In this study, we constructed a series of recombinant C. utilis strains expressing pairs of alleles of XR and XDH from xylose-fermenting C. shehatae in which amino acid residues in the coenzyme binding pockets were replaced by site-directed mutagenesis to alter coenzyme specificity. We found that a C. utilis strain expressing a suitable pair of XR and XDH alleles produced ethanol from xylose.
Materials and Methods
Microbial strains and media. The C. utilis strains used in this study are listed in Table 1 . Cells were cultured at 30 C in YPD2 medium (10 g/L of yeast extract, 20 g/L of peptone, and 20 g/L of glucose), unless otherwise specified. Solid media were made with 2% agar. Hygromycin B (HygB, Wako Pure Chemical Industries, Osaka, Japan) was added to YPD to a final concentration of 600 mg/L to select transformants carrying the HygB resistance gene (HygB R ), which encodes a HygB phosphotransferase (HPT). Escherichia coli strain DH5 (Toyobo, Osaka, Japan) served as plasmid host. E. coli cells were grown in LB (10 g/L of tryptone, 5 g/L of yeast extract, and 5 g/L of NaCl) containing 100 mg/L of ampicillin, and were transformed by a standard method.
32)
Recombinant DNA techniques. Standard recombinant DNA techniques were used as well as the methods indicated by the suppliers. PCR was performed using genomic DNA with KOD plus (Toyobo). The primers used are listed in Table 2 . Nucleotide sequences were determined using an ABI3130 xl DNA Analyzer (Applied Biosystems, Foster City, CA).
Construction of expression plasmids for genes encoding xylosemetabolizing enzymes. The upstream region of the C. utilis URA3 gene (from À708 to À196, þ1 is the putative translation initiation site) was amplified using primers TM-109 and TM-110. The C. utilis GAP promoter (GAPpr) was amplified using primers TM-111 and TM-112. After the two amplified PCR products were mixed, junction PCR was performed using primers TM-109 and TM-112. The approximately 1.5-kbp PCR product was digested with NotI and XbaI, then ligated into the NotI-XbaI gap of a pBluescriptII SK þ vector (Stratagene Products Division, Agilent Technologies, La Jolla, CA) to construct plasmid pVT88. pCU681 30) was used as PCR template with primers TM-115 and TM-116 to amplify the HygB R expression cassette. C. utilis genomic DNA was used as template in PCR with primers TM-113 and TM-114 in order to amplify the PGK terminator (PGKtr) of C. utilis, and with primers TM-117 and TM-118 to amplify the downstream region of URA3 (from þ203 to þ825). After the three PCR products were mixed, junction PCR was performed with primers TM-115 and TM-118. The approximately 3.5-kbp PCR product was digested with BamHI and XhoI and ligated into the BamHI-XhoI gap of pVT88 to construct pVT92, consisting of the URA3 upstream region, GAPpr, PGKtr, the HygB R cassette, and the URA3 downstream region. Genes encoding C. shehatae XR (CsheXR) and C. shehatae XDH (CsheXDH) were amplified using C. shehatae genomic DNA with primer pairs TM-119/TM-122 and TM-123/TM-124, respectively. The PCR products were digested with XbaI and BamHI, and ligated into the XbaI-BamHI gap of pVT92 to construct pVT146 and pVT150, respectively. Sitedirected mutagenesis of CsheXR and CsheXDH was performed by inverse PCR (KOD -Plus-Mutagenesis Kit; Toyobo) using pVT146 and pVT150 as templates respectively. Plasmids containing mutated alleles of CsheXR (K275R, K275R/N277D and R281H) were constructed by inverse PCR using primer pairs TM-133/TM-134, TM-133/TM-135 and TM-133/TM-136, respectively. A plasmid containing a mutated allele of CsheXDH (D207A/I208R/F209S/N211R) was constructed using primer pair TM-137/TM-138. The plasmids constructed containing the mutated genes are shown in Table 3 . To eliminate the XbaI site in the P. stipitis XK (PsXK) gene, the 5 0 -and 3 0 -proximal halves of the PsXK ORF were amplified separately from genomic DNA using primer pairs TM-105/TM-43 and TM-44/TM-106, respectively. After the two PCR products were mixed, junction PCR was performed using primers TM-105 and TM-106. The loss of the XbaI site in PsXK resulted in no change in amino acid sequence. The PCR product, which retained an XbaI site outside the ORF, was digested with XbaI and BamHI, and then ligated into the XbaI-BamHI gap of pVT92 to construct pVT107. The 2.5-kbp NheI-SpeI fragments containing CsheXDH and the mutated CsheXDH expression cassettes isolated from pVT150 and pVT151 were inserted into the SpeI site of pVT107 to construct pVT155 and pVT172 respectively. The 2.5-kbp NheI-SpeI fragments containing the CsheXR and mutated CsheXR expression cassettes isolated from pVT146, pVT147, pVT148, and pVT149 were inserted into the SpeI site of pVT155 and pVT172 to construct expression plasmids containing genes encoding xylose-metabolizing enzymes. The plasmids constructed are listed in Table 3 .
Yeast transformation and strain construction. Transformation of C. utilis was carried out by electroporation as described previously. 30) In order to construct recombinant strains, a C. utilis strain was transformed with NotI/ApaI-digested plasmids harboring the heterologous genes. The recombinant strains and integrated plasmids are listed in Table 1 .
Preparation of cell extracts, and enzyme assays. Yeast cells were grown to stationary phase at 30 C in YPD medium. Cells were harvested by centrifugation at 3;000 g over 5 min. The cell pellet was washed and suspended in buffer (50 mM phosphate buffer, pH 7.0). The suspended cells were then mixed with glass beads (Sigma, St. Louis, MO) and vortexed using Mix Tower A-14 (Taiyo Instruments, Tokyo) for 15 min at 4 C. Cell debris was removed by centrifugation at 13;000 g for 10 min. Xylose reductase, xylitol dehydrogenase, and xylulokinase activities were measured in the cell extracts as described previously. 2, 13) The redox reactions were monitored by oxidation of NAD(P)H or reduction of NAD(P) þ at 340 nm. One unit of enzyme activity was defined as the amount of enzyme that reduces or oxidizes 1 mmol of NAD(P) þ or NAD(P)H per min. Protein concentration was assayed by the Bradford method, using bovine serum albumin as standard. Specific activities were expressed as U/mg of protein.
Fermentation conditions. All optical density measurements at 600 nm (OD 600 ) were made using a GeneQuant 1300 spectrophotometer (GE Healthcare, England, UK). The cells were aerobically cultured in YPX5 (10 g/L of yeast extract, 20 g/L of peptone, and 50 g/L of xylose) medium for 24 h at 30 C. They were collected by centrifugation for 10 min at 4 C and washed with fresh fermentation medium prior to addition to fermentation medium. Fermentation was carried out at 30 C in 100-mL spherical flat-bottom flasks containing 30 mL of YPX5, YPDX7. Analytical methods. Xylose, xylitol, glycerol, and ethanol were analyzed essentially as described previously with minor modifications.
33) The supernatant was diluted and subjected to high-pressure liquid chromatography (HPLC) using an ICSep-ION-300 column (Tokyo Chemical Industry, Tokyo). The column was operated at 60 C at a 0.4 mL/min flow rate, with 0.01 N sulphuric acid as solvent.
Nucleotide sequence accession numbers. The DNA sequences in this paper appear in the DDBJ/EMBL/GenBank nucleotide database with accession nos. DM015263, AF278715 and AF127802.
Results

Construction of yeast strains expressing xylosemetabolizing enzymes with altered coenzyme specificity
Several studies on altering the coenzyme specificity of P. stipitis XR (PsXR) have been described. 15) It is known that the K270R, K270R/N272D, and R276H mutations in PsXR lead to a preference for NADH over NADPH relative to the wild-type enzyme as quantified 
GAPpr-CsheXYL1 R281H-PGKtr, GAPpr-CsheXYL2-PGKtr, GAPpr-PsXYL3-PGKtr This study pVT173
GAPpr-CsheXYL1-PGKtr, GAPpr-CsheXYL2 ARSdR-PGKtr, GAPpr-PsXYL3-PGKtr This study pVT174
GAPpr-CsheXYL1 K275R-PGKtr, GAPpr-CsheXYL2 ARSdR-PGKtr, GAPpr-PsXYL3-PGKtr This study pVT176
GAPpr-CsheXYL1 K275R/N277D-PGKtr, GAPpr-CsheXYL2 ARSdR-PGKtr, GAPpr-PsXYL3-PGKtr This study pVT178
GAPpr-CsheXYL1 R281H-PGKtr, GAPpr-CsheXYL2 ARSdR-PGKtr, GAPpr-PsXYL3-PGKtr This study in specific activity. Furthermore, site-directed mutagenesis of P. stipitis XDH (PsXDH) to change dependence on NAD þ to NADP þ has been reported. 17) Altered amino acids D207A/I208R/F209S/N211R (ARSdR) in PsXDH have a dramatic effect on coenzyme binding. In engineered S. cerevisiae, overexpression of XK increase ethanol production from xylose. 5) In order to determine more clearly the effects of protein-engineered XR and XDH on ethanol production from xylose, the XK gene, derived from P. stipitis, was introduced into the various constructed strains. Based on these reports, the strains described in Table 1 were constructed.
Expression of the mutated enzymes was verified by measurement of enzyme activities, as summarized in Table 4 . The XR activities of the recombinant strains expressing native CsheXR in the presence of NADH and NADPH were 0.41-0.54 U/mg and 0.73-0.76 U/mg respectively. Among the mutated CsheXR enzymes, CsheXR K275R/N277D had the greatest preference for NADH relative to NADPH (NADH/NADPH ratio, 2.57-2.99). CsheXR R281H had the highest specific activity in the presence of NADH, (NADH/NADPH ratio, 1.11-1.18). The specific activities of the native CsheXDH in the presence of NAD þ and NADP þ were 2.26-2.72 U/mg and 0.04-0.05 U/mg respectively. In contrast, the coenzyme specificity of CsheXDH ARSdR was dramatically altered (0.16-0.20 U/mg and 2.12-2.47 U/mg for NAD þ and NADP þ respectively). XR or XDH activity of the glucose-grown vector control strain was not detected, whereas those of the xylose-grown strain were detected only in the presence of NADPH and of NAD þ respectively. However, these enzyme activities of the control strain were much lower than those of the recombinant strains expressing heterologous alleles of CsheXR and CsheXDH.
Ethanol production from xylose by the recombinant strains
To estimate the effects of altered the coenzyme specificity of CsheXR and CsheXDH on ethanol formation from xylose, microaerobic fermentation in YPX5 at 30 C were performed ( Figs. 1 and 2) . The control strain, in which pVT92 (empty vector) was integrated, consumed 13.3 g/L of xylose and produced 7.2 g/L of xylitol, while ethanol was not produced within 20 h. TMS170, harboring the native CsheXR, CsheXDH, and PsXK genes, consumed 23.4 g/L of xylose, and accumulated 10.6 g/L of xylitol and produced 2.1 g/L of ethanol. The recombinant strains expressing the NADHpreferring CsheXR and native CsheXDH consumed almost all the xylose and produced more ethanol than the other strains. For example, TMS174, harboring CsheXR K275R/N277D, native CsheXDH, and PsXK, had the highest ethanol productivity (17.4 g/L of ethanol). The strains expressing CsheXDH ARSdR produced more xylitol than the control strain (Fig. 2) . TMS184, harboring CsheXR K275R, CsheXDH ARSdR, and PsXK, and TMS186, expressing CsheXR K275R/ N277D, CsheXDH ARSdR, and PsXK, produced little ethanol (maximum concentrations, 1.2 g/L and 2.6 g/L respectively) while the others did not exhibit high ethanol productivity on xylose. No significant differences in xylose fermentability were observed among the strains expressing CsheXDH ARSdR. These results indicate that for C. utilis cells fermenting xylose, recycling of the NAD þ produced during xylose reduction and consumed during xylitol dehydrogenation is important. The production of glycerol and biomass is not desirable because it brings about decreasing ethanol yields. In these recombinant C. utilis strains, amounts of glycerol were very low levels (<0:01 g/L), and OD 600 after 20 h of fermentation was approximate 24, indicating that growth was repressed to some extent because the initial OD 600 was 20.
XDH was a key enzyme in ethanol production from xylose in C. utilis C. utilis recombinant strains harboring mutated alleles of the genes encoding xylose-metabolizing enzymes were constructed in order to determine the key enzyme in the pathway. TMS304 and TMS306 are recombinant strains expressing only CsheXR K275R/ N277D and CsheXDH respectively. TMS304 consumed 43.8 g/L of xylose and accumulated 24.3 g/L of xylitol in 67 h, but no ethanol (<0:01 g/L). TMS306 consumed 30.2 g/L of xylose, accumulated 4.5 g/L of xylitol, and produced 1.6 g/L of ethanol in 67 h (Fig. 3) . These results suggest that XDH is the key enzyme for ethanol production from xylose in C. utilis.
Ethanol production in the medium containing both xylose and glucose Lignocellulose-derived biomass includes both glucose and xylose. Hence, we analyzed the fermentation Table 4 . XR, XDH, and XK Activities in Cell Extracts Obtained from Recombinant C. utilis Strains Grown in YPD2 Medium capacity of recombinant C. utilis TMS174 using a mixture of sugars. In YPDX7.5 medium, TMS174 consumed glucose completely in 3 h and produced 12.5 g/L of ethanol. After exhaustion of glucose, 49.9 g/L of xylose was consumed in 46 h, yielding 30.2 g/L of ethanol (Fig. 4A) . On the other hand, in YPDX10 medium TMS174 consumed glucose completely in 6 h and produced 24.5 g/L of ethanol. After exhaustion of glucose, 45.4 g/L of xylose was consumed in 46 h, yielding 34.2 g/L of ethanol (Fig. 4B) . The amounts of ethanol produced from xylose after exhaustion of glucose were 17.7 g/L and 9.7 g/L in YPDX7.5 and YPDX10. The yields were 0.35 g/g and 0.21 g/g of consumed xylose respectively. The yields of ethanol were 0.40 and 0.36 of consumed glucose and xylose. The rate of xylose consumption decreased in the presence of glucose, as compared to that in the absence of glucose. No significant differences in xylitol concentration were observed. These results suggest that glucose inhibits xylose consumption and ethanol production in a medium containing both sugars in a glucose-dependent manner.
Discussion
Many studies have involved the construction and characterization of xylose-utilizing recombinant S. cerevisiae strains and the characterization of xylosefermenting yeast species, including P. stipitis and C. shehatae. However, to our knowledge, no reports have described the construction of a xylose-fermenting strain based on a species (e.g., C. utilis) which can grow, but does not ferment xylose.
C. utilis belongs to a crabtree-negative group of yeasts, and production of yeast cells can be carried out efficiently in strict aerobic culture. For example, OD 600 of the C. utilis wild-type strain aerobically grown in YPD2 medium achieved a maximum of about 40, which indicates approximately 100 g of wet cell weight per 1 liter culture, whereas the OD 600 of batch cultures of S. cerevisiae can achieved approximately 10 under our experimental conditions (data not shown). High cell density fermentation under anerobic conditions contributes to increasing production efficiency. Xylosefermenting P. stitpis and C. shehatae also belong to a crabtree-negative group of yeasts, but C. utilis has the highest respiration activities among crabtree-negative yeasts, 34) and many studies have reported high cell density cultivation of C. utilis. 25, 35) Hence, we also expected that C. utilis would produce more ethanol from xylose than the other yeasts. In this study, we constructed of xylose-fermenting C. utilis strain and found that ethanol production from xylose by the wild-type C. utilis strain was limited by the low activity of XDH and by intracellular NADH/NAD þ . A strain expressing CsheXR K275R/N277D (NADHpreferring) with native CsheXDH (NAD þ -dependent) and PsXK fermented xylose better than a strain expressing native CsheXR, CsheXDH, and PsXK (Fig. 1) . This suggests that recycling of coenzymes during xylose reduction and xylitol dehydrogenation enhances ethanol production from xylose. However, the strain expressing native CsheXR (NADPH-preferring), CsheXDH ARSdR (NADP þ -dependent) and PsXK did not produce significantly higher levels of ethanol from xylose than TMS33 (the vector control strain). This suggests it is possible that the CsheXDH ARSdR enzyme does not use NADP þ efficiently in C. utilis. The recombinant strains expressing CsheXR K275R/ N277D, CsheXDH ARSdR, and PsXK produced ethanol from xylose (Fig. 2) . This result may be due to recycling of NADH caused by CsheXDH ARSdR, because a recombinant strain expressing only CsheXR K275R/ N277D does not produce ethanol from xylose (Fig. 3A) . The Km NADP value for PsXDH ARSdR was 12.5-fold lower than the Km NAD value. 17) Though the coenzyme specificity of XDH is dependent on the amino acid sequence, in vivo coenzyme use by XDH is dependent on the intracellular coenzyme concentrations. CsheXDH ARSdR expressed in C. utilis might not use NADP þ , because the intracellular concentration of NAD þ is much higher than that of NADP þ . Others have reported that the expression of native PsXR and mutated PsXDH with higher specificity for NADP þ improved ethanol production from xylose, 18) but did not improve ethanol production in recombinant S. cerevisiae strains. Matsuhira et al. reported that expression of an NADP þ -dependent XDH led to a 40% increase in ethanol production and a 23% decrease in xylitol excretion as compared with a control strain expressing native XDH. Others have reported that expression of XDH ARSdR not only decreased the excretion of byproducts, including xylitol and glycerol, but also that of ethanol. 36, 37) Thus, the maintenance of an optimal intracellular NADH/NAD þ concentration during ethanol production from xylose is probably a speciesdependent characteristic.
As shown in Fig. 3 , the expression of CsheXDH was essential for production of ethanol from xylose in C. utilis (Fig. 3) . Because the activities of the xylosemetabolizing enzymes in the wild-type strain were dramatically lower than in the recombinant strains expressing heterologous xylose-metabolizing enzymes, C. utilis excreted high amounts of xylitol (yield, 0.54 g/g of consumed xylose) during xylose assimilation. Hence, we reason that XDH activity was more important for ethanol production from xylose in C. utilis than the coenzyme specificities of XR and XDH. In the xyloseutilizing recombinant S. cerevisiae strain, enhancement of XDH activities relative to XR (XDH/XR = 6) caused less xylitol and more ethanol production. 19) It has been reported that the most critical enzyme for xylose utilization in native xylose-utilizing S. cerevisiae identified in sensu stricto species was one encoding a putative xylitol dehydrogenase not present in the S288C strain. 38) Our results indicate that high XDH activity is also required for ethanol production from xylose, regardless of the host genus.
A B The ability of TMS174 to ferment xylose decreased in the presence of glucose in a dose-dependent manner. This might not have been due to ethanol stress, because C. utilis can produce 70 g/L of ethanol from 150 g/L of glucose (data not shown). Transcriptional repression by glucose can influence ethanol production from xylose in TMS174. For example, not only is high-level expression of the three genes encoding xylose-metabolizing enzymes (XR, XDH, and XK), but expression of the genes in the pentose phosphate pathway genes is also necessary for efficient consumption of xylose. Xylosefermenting P. stipitis exhibited decreased expression of the pentose phosphate pathway-specific transketolase gene in the presence of glucose. 39) Future work will be focused on analysis of transcriptional and metabolic changes associated with carbon source, and on further improvement in the kinetics of mixed-sugar consumption and ethanol production.
